THE magnocellular visual pathway is devoted to lowcontrast achromatic and motion perception whereas the parvocellular pathway deals with chromatic and high resolution spatial vision. To speci®cally separate perception mediated by these pathways we have used lowcontrast Gaussian ®ltered black±white or coloured visual stimuli. By use of transcranial magnetic stimulation (TMS) over the visual cortex inhibition of magnocellular stimuli was achieved distinctly earlier by about 40 ms compared with parvocellular information. A nonspeci®c inhibition of all stimuli could be seen peaking at 75±90 ms, signi®cantly higher for magnocellular stimuli. The particular vulnerability of magnocellular stimuli to TMS is correlated with distinct physiological properties of this pathway such as faster conduction velocity and non-linear stimulus encoding. NeuroReport
Introduction
Visual processing is characterized by two independent parallel pathways: the magnocellular or parasol stream, which carries information useful for motion, low visual contrast and lower spatial frequency analysis, and the parvocellular stream, providing information useful for analyses of colour and shape [1, 2] . In order to study the time course of visual perception linked to parvocellular and magnocellular function we used transcranial magnetic stimulation (TMS) over the visual cortex, which inhibits or excites neurones by inducing electrical ®elds in localized regions of the brain for very short time periods [3] . Inhibitory effects of TMS result in suppression of the recognition of letter trigrams or numbers [4] or transient visual ®eld defects [5] . Most studies reveal a threshold elevation under TMS, particularly at test intervals of 80±100 ms [6] , when blur or complete extinction of randomly generated alphabetical characters is seen [4] . These ®nd-ings are well in accordance with assumptions concerning the latency of the activation of the human visual cortex derived from visual evoked potentials, the only other method providing timing information on visual processing in the intact human. Foveal pure chromatic evoked potentials produce a steep baseline offset at 60 ms and a ®rst negative peak at around 87 ms, with similar latencies when stimulating with blue, red or green colours [7] .
One aim of this investigation was to compare at the visual cortex the TMS susceptibility and its time course for chromatic perception with that for achromatic perception. Achromatic vision is mediated both by the magnocellular and parvocellular system, whereas colour vision is almost exclusively linked to the function of the parvocellular system.
Materials and Methods
For TMS we used a Dantec MAG PRO repetitive stimulator in the single pulse mode. Intensity was set to 70% (113 A/ìs, 0.98 T) of maximum stimulator output. We used the standard concentric coil with an outer diameter of 12.5 cm and 13 turns. The ®rst phase of the biphasic current with a total pulse width of 200 ìs and a rise time of 50 ìs was directed counterclockwise. The lower margin of the coil was positioned 2 cm above the inion. For control stimulation the coil was centred at the frontal cortex at Fz (30% of the distance nasion to inion). The subjects were seated 1 m in front of a computer monitor. Baseline threshold contrast of each visual stimulus without TMS was determined twice, at the beginning and at the end of each experiment. All succeeding TMS experiments were referred to the mean of these two baseline measurements by dividing the threshold under TMS by the baseline threshold. Statistics were performed by using a two-tailed t-test and ANOVA. The experiments were approved by the ethical committee of the medical faculty of the University of Go È ttingen.
A Vision Works System (Durham, NH, USA) with a Sony Multiscan HG monitor was used for visual stimulation. The stimulus lasted for two frames with a refresh rate of 90 Hz. A multiplicative forced choice staircase adjustment was used for threshold measurement. Using a forced choice paradigm, subjects had to identify the colour of the Gaussian ®ltered dots, which were varied in contrast by a multiplicative forced choice staircase adjustment. In order to avoid colour adaptation all stimuli were presented in an intermingled randomized order. The perception threshold was approximated by increasing and decreasing the contrast depending on the subject's response, ®nally accepting the mean of six reversals for every stimulus and at each time interval. The number of trials required differed somewhat from subject to subject dependent on the individual ability to identify the colours, with a median at about 18 trials for each colour. The size of the Gaussian dots was calibrated such that when presented continuously the visible diameter of the dots was 48 at 100% contrast and 1.38 at 10% contrast. Particular care was taken for the calibration of the colour stimuli. The CIE chromaticity coordinates of the coloured dots were adjusted in such a way that an equal spacing in the u9v9 chromaticity chart was accomplished as precisely as possible (Fig. 1) .
The four coloured Gaussian dots and two achromatic dots with a luminance increment or decrement were presented randomly on the grey background with 40 cd/m 2 intensity. Seventeen subjects (mean age 24.2 AE 3.6 years) participated. Thirteen different time intervals as depicted on the x-axis of Fig. 2 (0 
Results
Figure 2 depicts the differences between threshold deviations for achromatic and chromatic Gaussian dots between 0 and 240 ms after visual target presentation. In comparison to chromatic targets, thresholds for achromatic targets were consistently more vulnerable to TMS than chromatic stimuli, particularly within two separate time ranges, 0±45 and 75±90 ms. At 15, 30 and 45 ms, white and black targets showed a signi®cant elevation of the perception threshold relative to the baseline ( p , 0.05). In contrast coloured dots showed a gradual threshold increase peaking at 75±90 ms.
Thus for all stimuli, maximal inhibition was found between 75 ms (red and green) and 90 ms (yellow, blue, white and black). At 75 and 90 ms all visual targets differed signi®cantly from baseline ( p , 0.05, Student's t-test). Statistical signi®cance was shown by a signi®cant ANOVA for colours (F(5/13) 24.54; p , 0.01) and time (F(13) 19.75; p , 0.01).
Of particular interest is the different behaviour of black±white and coloured targets at time zero when the TMS impulse was applied concomitantly with the visual stimuli. Here achromatic stimuli showed a signi®cantly higher threshold under TMS than all chromatic stimuli. This difference was signi®cant for all colours except for the relation white to yellow ( p , 0.05). The signi®cance also persisted for black at 15 and 30 ms.
Discussion
Human visual psychophysics and monkey electrophysiology have already been linked successfully by TMS, e.g. when selectively inhibiting motion perception at a separate stimulation site targeting V5 Several main ®ndings emerge from these data. At time zero, colour perception is facilitated, whereas achromatic perception is inhibited by TMS. At 30 ms, a selective inhibition of black±white perception is apparent, whereas colour perception is continuously more inhibited with a maximum at 75 and 90 ms. Overall, colour perception is less susceptible to TMS than is achromatic perception. [8, 9] . In this study, with TMS applied to the visual cortex, both a qualitative and a quantitative difference between magnocellular and parvocellular TMS susceptibility can be demonstrated. Qualitatively, early preferential inhibition of achromatic perception peaking between 15 ms and 30 ms may re¯ect in part the faster conduction in the parasol system. For several reasons it is speculative to draw conclusions from these data to the anatomical site of TMS inhibition, particularly since the degree of convergence between the magnocellular and parvocellular stream is still uncertain [10] . TMS pulses at V1 might excite antidromically geniculo-cortical axons, as already discussed as possible cause of threshold increases [4] , causing either collision with incoming impulses in the radiation or inhibition in the lateral geniculate via axon collaterals. These authors however favoured visual cortical IPSP as the most likely mechanism. Other authors also conclude that the inhibition seen in this time range is generated in V1 [5] which is located close to the skull surface [11, 12] . Functional activation of V1 is the rule for any visual stimulus and can be consistently demonstrated by functional MRI [13] or PET, and, in addition closely correlated to the time of activation, by EEG dipole source analysis [14, 15] . Additional involvement of V2 as a source of perceptual inhibition by TMS can however not be excluded since V2 surrounds V1 in close contact. Particularly by the use of the concentric coil a selective stimulation of V1 is virtually impossible, particularly for foveal and lower ®eld stimuli represented in the rostral part of V2 [5] . A simple differentiation of activation of V1 and V2 by different time courses of colour and luminance perception under TMS is probably impossible with the time resolution used in this study. Recently [16, 17] it was shown that V1 and V2 are activated almost simultaneously with achromatic pattern stimuli whereas V2 is activated with a delay of 3 ms after V1 for colour stimuli.
The visual stimulus used here consisted of two frames at 11.1 ms, whereas the stimulation duration in previous investigations on visual perception varied between 1 ms [4] and 21 ms [18] . The best estimate for onset latency for achromatic inhibition is midway between 0 and 15 ms, i.e. 7.5 ms. In order to differentiate by TMS between V1 and V2 thus the time resolution of TMS studies has to be enhanced to 1 ms concurrently with a reduction of stimulus duration to a similar time range. A short peak latency of 30±45 ms is principally in accordance with recent evoked potential data, analysed in a realistic head model. It was demonstrated that electrical activity can be detected in V5 as early as 30 ms after a checkerboard stimulus, which is most likely to stimulate parasol cells [19] . The parafoveal checkerboard stimulus is, however, likely to be conducted faster than the foveal stimuli used here. It is likely that the achromatic stimuli used here re¯ect speci®c inhibition of magnocellular cells which are insensitive to colour stimuli and can discriminate low-contrast stimuli distinctly better than P-cells [2, 20, 21] . In addition, a latency difference per se corresponds to recent recordings in V1 and V2 of the macaque monkey, where a difference of 20 ms between layer 4C alpha and 4C beta [22] was found. This is about half the amount which has been demonstrated here, however in the larger human brain.
The second, quantitative outcome of this study is the signi®cantly higher magnocellular susceptibility to TMS. This is evident mainly between 0 and 45 ms but also at the later time range peaking at 90 ms. The higher magnocellular TMS susceptibility is likely to be based on the larger axonal and neuronal size. Also, the time of maximal inhibition at 75± 90 ms ®ts well into the existing literature on the behaviour of achromatic stimuli under TMS [4, 23] and on the times of colour evoked potentials, where a foveally generated colour component rising from baseline at 60 ms and peaking at 87 ms has been described consistently [7, 15, 24, 25] . These time ranges shorten with increasing stimulus intensity when using TMS [26] . Moreover, the different stimulus encoding properties of the linear P-and the non-linear M-cell systems may contribute to preferential M-pathway inhibition by TMS. Also, all parvocellular cells lack a contrast gain control mechanism and show a high degree of spatial and temporal linearity of their responses. In the magnocellular pathway a contrast gain control is present [2] and the more transient, non-linear response characteristics may render them more vulnerable to TMS.
At stimulus onset we have seen a signi®cant difference in the affection of colour and luminance perception when the perception of achromatic dots seems to be impaired and the perception of chromatic dots facilitated. Since after a stimulus duration of 22 ms afferent information cannot have reached the visual cortex, this ®nding must be interpreted as excitability shift of visual cortex neurones for incoming afferent information.
Conclusions
The new ®nding reported here is the perceptual separation of achromatic and chromatic perception in time, achieved by combining TMS with psychophysical methods. The TMS power for disturbing neural function in space and time may be an even Vol 10 No 6 26 April 1999 1247 more valuable tool for investigating fundamental aspects of perception [27] . Synchronization of neuronal discharges may serve for the integration of distributed neurones into functional cell assemblies [28] . TMS may turn out to be a valuable psychological and neurophysiological link for the investigation of perceptual binding or visuomotor integration.
